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InGaAs/InP single-photon avalanche diodes (SPADs) remain convenient and practical thermoelectrically cooled alternatives for the 950 nm to 1650 nm region. Unfortunately, InGaAs/InP SPADs are also notorious for significant afterpulsing due to charge traps, 2 an effect that generally limits them to gated-mode operation, and can require long recovery times (>1 ls) and limit the detection rate in conventional detection systems, 3, 4 particularly when biased for high efficiency. Recently, sub-nanosecond periodic-gating techniques broadly classified as either sinusoidal gating [5] [6] [7] [8] or self-differencing 9, 10 have been developed for high-speed single-photon detection with InGaAs/InP SPADs, and have demonstrated dramatic improvements in detection rates. In these highspeed schemes, the periodicity of the gating signal facilitates suppression of the transient signal generated by the gate at the output of the SPAD, allowing the use of a low avalanche-discrimination threshold. The combination of low discrimination threshold and short gate duration significantly reduces the total avalanche charge, reducing afterpulsing. In this article, we describe a third approach to gate-transient suppression for high-speed periodic gating that is based on harmonic subtraction and that achieves low afterpulse probabilities and the highest detection efficiency ever reported in a detection system of this type.
The gate transient represents not only the capacitive response of the diode but also, due to the voltage dependence of the diode capacitance, a weak nonlinearity that mixes the gate spectrum. Sinusoidal gating schemes [5] [6] [7] [8] use a single radio-frequency (RF) sine wave to gate the SPAD, and narrow band-stop filters at the 1st and 2nd harmonics (or alternatively a low-pass filter for the 2nd) to suppress the gate transient, in some cases below the floor set by thermal and amplifier noise. 6, 7 However, sinusoidal gating inextricably links the gate duration to the gate frequency and the overvoltage. For sub-nanosecond gates, it has been shown that the afterpulse probability reduces exponentially with the gate duration, 11 making it desirable to keep the gate as short as possible. Increasing the amplitude of the sinusoid and using ever sharper "peaks" as the gate can be done, but only to a limited practical extent. In addition, a band-stop filter at the gate frequency necessarily resides within the detection bandwidth and can distort the avalanche waveform and degrade signal discrimination. 7 The self-differencing technique 9, 10 allows the use of essentially arbitrary waveforms, and can support short gate durations and high excess bias voltages (voltage above breakdown). However, for optimal cancellation of the gate transient, the attenuation and dispersion of the two delay lines used in this technique must match over the entire detection bandwidth. 12 Ultimately, the avalanche sensitivity is determined by the quality of this match, which becomes increasingly challenging as the gate duration is reduced and the bandwidth increases. Furthermore, this approach splits the avalanche signal between the two delay lines, effectively reducing the signal to noise ratio by 3 dB unless further efforts are made.
We use harmonic subtraction to suppress the gate transient. In this technique, the gate waveform is synthesized by summing harmonics of the gate frequency, resulting in a transient response composed of a larger set of harmonics that we cancel by destructive interference with reference sinusoids generated directly from the RF source, as illustrated in sinusoid, 7, 13 and considered for more generalized scenarios.
14 Forming the gate with a finite set of narrow-band spectral components allows high-quality transient cancellation (close to the thermal limit, as in some sinusoidal systems 6,7 ) even with relatively large-amplitude gate signals (e.g., 20 V), while simultaneously reducing the gate duration, as with self-differencing. With just two harmonics, the gate duration can be roughly 30% shorter than can be achieved with a purely sinusoidal gate of the same amplitude, resulting in a reduction of avalanche charge and afterpulsing. In addition, the signal subtraction is carried out in low-loss power combiners that efficiently preserve the avalanche waveform, maintaining the signal for discrimination. Figure 1 illustrates the experimental setup. An oscillator generates the 1st harmonic at f ¼ 1.25 GHz, and a passive frequency doubler generates a 2nd harmonic. These are combined with relative phase (/) and amplitude (þ) control and drive a 3 GHz power amplifier that produces the %20 V peakto-peak gate waveform shown in Fig. 2(a) . All measurements reported in this article are taken with this gate waveform. A bias-tee offsets the gate signal by V bias to properly bias the SPAD for Geiger-mode operation. The SPAD is a commercially available fiber-pigtailed InGaAs/InP diode mounted inside a dry box with thermoelectric cooling. 15, 16 At our typical operating temperature of À22 C, the breakdown voltage is 65.1 V. When V bias ¼ 63.5 V, the voltage across the diode exceeds the breakdown voltage for 310 ps. Due to the slope of the gate edges, as V bias is increased the gate duration increases by 20 ps/V. To reduce standing waves between the power amplifier and the high-impedance SPAD cathode (%500 X at 1.25 GHz), we use a DC-blocked 50 X load thermally isolated from the SPAD. Figure 2 (a) also shows the %1 V peak-to-peak gate transient at the anode that must be suppressed to discriminate small avalanche signals. The transient is dominated by the 1st harmonic, but has measurable contributions from many higher orders. To accurately discriminate avalanches, each spectral component in the gate transient is destructively interfered with a reference signal, as illustrated in Fig. 1 . Fine control of the amplitude and phase of each harmonic component is necessary to achieve accurate cancellation, and when appropriately adjusted the first three harmonics in the gate transient can be suppressed by more than 65 dB. As an example of the resulting cancellation, and of the avalanche signal preservation, Fig. 2(b) shows 4092 waveforms acquired at the output of the power combiner. These measurements were acquired with a 10 GHz amplifier whose gain was divided out (note the vertical scale is in millivolts). In this measurement V bias ¼ 63.5 V, and the SPAD was illuminated at in every 16th gate by a < 30 ps, 1310 nm pulse with mean-photon number l < 0.1. Almost all avalanche events are distinguishable from the noise floor, which in this case is dominated by contributions from the amplifier and oscilloscope, though the 4th harmonic of the gate (5 GHz) is also discernible. The amplitude of the avalanche signals can be seen to vary widely, from the noise floor to several times larger. This distribution has direct bearing on detection efficiency and underscores the importance of a low discrimination threshold. Figure 2 (b) also illustrates the benefit of preserving the avalanche signal. To be discriminated, an avalanche must trigger the comparator before the end of the gate; inhibiting high-frequency components in the avalanche signal may unduly suppress some signals, reducing the detection efficiency. We define our detection bandwidth to be <4 GHz.
We achieve a lower noise floor and discrimination threshold by suppressing higher-order harmonics and noise outside the detection bandwidth with a 4 GHz low-pass filter and a low-noise amplifier (noise factor of 1.55), after the power combiner, as shown in Fig. 1 . An additional asymmetric power splitter (not shown) after the low-noise amplifier monitors the transient suppression. In all, the output stage provides 16 dB of gain to the avalanche signal. When finely tuned, we measure the root-mean-square (RMS) of the noise floor at the output of the low-noise amplifier to be below 3.2 mV, or an apparent 0.51 mV RMS at the SPAD anode. 
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Restelli, Bienfang, and Migdall Appl. Phys. Lett. 102, 141104 (2013) variable threshold detects avalanches for counting. Electronic noise makes no measurable contribution to the dark-count rate for discrimination thresholds down to 12.1 mV after the low-noise amplifier (1.92 mV at the anode), which we define as the minimum operative threshold. At this minimum threshold, and with the optical input blocked, the per-gate dark-count probability is <10 À5 when V bias 62 V, 2 Â 10 À5 at V bias ¼ 63 V, and rises to 7 Â 10
À5
at V bias ¼ 65 V. These dark-count probabilities are comparable to those of other high-speed periodically gated systems. The detection efficiency is measured by illuminating every 16th gate (ƒ L ¼ 78 MHz) with <30 ps, 1310 nm, l ¼ (0.1 6 0.005) attenuated pulses. The mean photon number is determined with an optical power meter with NIST-traceable calibration (2% uncertainty) and calibrated attenuators. The overall uncertainty is estimated to be 5%, mainly due to the reproducibility of the fiber connections. The delay of the optical pulse is adjusted to maximize the count rate in the illuminated gate, C 0 , measured with a gated counter (discussed below). The full width at half maximum of the count rate versus laser delay is 100 ps. The count rate in the gate just prior to the illuminated gate, C 15 , is used as a measure of the contribution to C 0 from both dark counts and afterpulse events. We calculate the detection efficiency g as
(1) Figure 3 shows the detection efficiency as the comparator threshold is varied, for three different values of V bias . It should be noted that InGaAs/InP SPADs are inherently more efficient at shorter wavelengths; at 1550 nm, the particular device we use is specified to have 80% of the quantum efficiency that it has at 1310 nm. 13 The detection efficiency at 1310 nm rises above 0.5 when V bias ¼ 65 V. As can be seen in Fig. 2(a) , at this bias, the peak of the gate pulse exceeds breakdown by approximately 12 V. As the threshold is raised through the distribution of avalanche amplitudes (cf. Fig. 2(b) ), the detection efficiency traces a shape that can be accurately fit with the complementary error function (erfc; v 2 < 0.17 mV), as shown in Fig. 3 , suggesting that the avalanche amplitudes have a Gaussian distribution.
To measure the minimum detectable avalanche charge in a manner that includes the response of the output stage and the comparator, we use the following approach. We measure the average avalanche charge by monitoring the average current through the SPAD with a picoammeter, and the total count rate in all gates. At the minimum threshold, and with V bias ¼ 64 V, the average avalanche charge is (36 6 6) fC.
We then assume that the total charge in an avalanche scales linearly with the amplitude of the avalanche signal. Because the distribution of avalanche amplitudes appears to be symmetric, and, for V bias ! 64 V, almost all avalanches exceed the minimum threshold, we assume that the average avalanche amplitude is equal to the median avalanche amplitude. The median is determined by increasing the detection threshold until the total count rate has decreased by half, and is identified as the threshold required to detect an avalanche of average amplitude, and hence, of average charge. For V bias ¼ 64 V, the median threshold is 58.9 mV, which indicates that the 12.1 mV threshold detects avalanches with as little as (7.4 6 1) fC, though this is likely an upper bound because undetected sub-threshold avalanches inflate the estimate.
We use the gated counter to measure the per-gate afterpulse probability as a function of time after an avalanche (up to 24.8 ns) by illuminating every 32nd gate with a <30 ps, 1310 nm attenuated pulse, and measuring the count rate in the illuminated gate and in each of the 31 non-illuminated gates in each 32-gate period. The gated counter, based on 10 GHz discrete logic, only counts events that occur within a temporal window defined by a pattern generator operating synchronously with the detector. In contrast to most time-interval analyzers and time-correlated single-photon counting systems, this gated counter imposes no hold-off or recovery time in which detection events may be missed, which is particularly important when making afterpulse measurements in highspeed detection systems. The afterpulse probability (AP n ) in each of the non-illuminated gates is calculated as AP n ¼ (C n À D)/C 0 , where C n is the count rate in the nth gate, D is the average per-gate dark-count rate (i.e., the dark-count probability multiplied by 39 MHz), and C 0 is the count rate in the illuminated gate. Figure 4 shows the per-gate afterpulse probability versus time for four different detection efficiencies (g), measured with the comparator threshold at the minimum. For all g, the per-gate afterpulse probability drops below 4 Â 10 À3 in less than 10 ns. For lower g, the afterpulse probability is significantly less; for g ¼ 0.19, the per-gate afterpulse probability is in the 10 À4 range less than 3.2 ns after an avalanche. For reference, the dark-count probability at this detection efficiency is <5 Â 10 À6 . The afterpulsing rises sharply from g ¼ 0.43 to g ¼ 0.51, and reflects, among other things, the increase in average charge at higher bias voltages. As can be seen in Fig. 4 , in most applications, a significant benefit would be gained by applying some degree of hold-off to the detection system to ignore gates with high afterpulse probability that occur shortly after an avalanche.
A preliminary investigation of high-speed counting shows that with the detector biased for 11% detection efficiency and illuminated in every 4th gate (312 MHz) by a pulse bright enough to induce counting in the illuminated gate at 100 MHz, the per-gate afterpulse probability measured in the non-illuminated gates is <2 Â 10 À3 . The approach described in this article achieves the highquality gate-transient suppression observed in sinusoidal gating schemes, and allows the use of the short square-like gates used in self-differencing, while preserving the avalanche signal more efficiently than either approach. The increased detection efficiencies are a direct result of using higher excess bias voltages, which in turn are operable because of the reduced avalanche charge that results from the low discrimination threshold and short gate duration. All of these effects are the result of the system architecture based on narrow-band harmonics of the gate frequency, and underscore the importance of the complete bias and control system in the performance of a SPAD-based detector. We note that the %20 V gate signal brings the bias more than 7 V below breakdown; further investigation of the effects of this type of biasing is underway. It is also worthwhile to point out that optimal use of the detection-system bandwidth would involve the same number of harmonics in both the gate synthesis and the transient cancellation; we estimate that the gate duration can be reduced by roughly half (<170 ps) by using up to the 4th harmonic at the cathode. Given the exponential relation between the gate duration and the total avalanche charge, such a reduction has the potential to result in significant benefits to high-speed single-photon counting.
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